Pt/TiO 2 composites were synthesized by single-step ultrasonic spray pyrolysis (USP) at different temperatures. In an in-situ method, Pt and TiO 2 particles were generated from tetra-n-butyl orthotitanate and chloroplatinic acid, and hydrothermally-prepared TiO 2 colloidal dispersion served as Pt support in an ex-situ USP approach. USP-synthesized Pt/TiO 2 composites were generated in the form of a solid mixture, morphologically organized in nesting huge hollow and small solid spheres, or TiO 2 core/Pt shell regular spheroids by in-situ or ex-situ method, respectively. This paper exclusively reports on characteristic mechanisms of the formation of novel two-component solid composites, which are intrinsic from the USP approach and controlled precursor composition. The generation of the two morphological components within the in-situ approach, the hollow spheres and all-solid spheres, was indicated to be caused by characteristic sol-gel/solid phase transition of TiO 2 . Both the walls of the hollow spheres and the cores of all-solid ones consist of TiO 2 matrix populated by 10 nm-sized Pt. On the other hand, spherical, uniformly-sized, Pt particles of a few nanometers in size created a shell uniformly deposited onto TiO 2 spheres of ca. 150 nm size. Activities of the prepared samples in an oxygen reduction reaction and combined oxygen reduction and hydrogen evolution reactions were electrochemically tested. The ex-situ synthesized Pt/TiO 2 was more active for oxygen reduction and combined oxygen reduction and hydrogen reactions in comparison to the in-situ Pt/TiO 2 samples, due to better availability of Pt within a core/shell structure for the reactions.
Introduction
Increasingly, a popular topic nowadays is the investigation of fuel cells (FC) as alternative power devices. Many studies have explored possibilities for improving their performance and durability [1] [2] [3] . Some of the most investigated electrode materials [4] [5] [6] [7] in an FC are platinum-based nanoparticles supported on carbons, due to the high activity of Pt in the kind of reactions FC functioning are based on. Pt can be synthesized in various sizes and shapes, such as spherical [8] , cubical [8, 9] , particles have been tested. Cyclic voltammetry and linear sweep voltammetry have been performed to test the electrochemical properties of synthesized Pt/TiO 2 . The activity of the synthesized material for oxygen reduction reaction (ORR) and combined ORR and hydrogen evolution reaction (HER) have been checked.
Materials and Methods

Material Synthesis and Preparation
Synthesis of the Pt/TiO 2 Powders
Two sets of experiments were performed in order to synthesize the Pt/TiO 2 composites. In the ex-situ synthesis, TiO 2 colloidal dispersion, which is hydrothermally prepared from TiCl 3 solution (Sigma-Aldrich) [36] , and 2.0 g·dm −3 chloroplatinic acid were used as precursors. The TiO 2 colloid was prepared by adding TiCl 3 solution dropwise into a boiling HCl solution. During the 90 min of boiling of the mixture under reflux, TiO 2 particles were generated. The concentration of solid TiO 2 in the obtained colloidal dispersion was adjusted to 0.4 g·L −1 using ultrafiltration upon dilution with water to pH 4.0.
In the in-situ synthesis, the mixture of 0.1 mol·dm −3 tetra-n-butyl orthotitanate (Merck) stabilized by hydrochloric acid, and 2.0 g·dm −3 chloroplatinic acid (Alfa Aesar) served as the precursor solution.
Both sets of syntheses, i.e., in-situ and ex-situ, were performed at three different temperatures typical for the USP procedure and equipment: 500, 650, and 800 • C [49, 50] . In addition, nominal Pt loadings of 5 and 20 mass % were projected at every synthesis temperature. The precursors for TiO 2 and Pt were mixed to give Ti:Pt mole ratios of 50:1 and 10:1 for 5 and 20 mass % Pt, respectively. The mixture was introduced into the ultrasonic spray pyrolysis equipment, as seen in Figure 1 (the details are described in a previously published paper [51] ). Only the samples which showed electrochemical activity were subjected to structural characterization, as described in Section 2.2.1. During the USP synthesis of spray pyrolysis, precursors were driven in the first zone by N 2 with the flow of 1.0 L·min −1 through a two-tube furnace upon ultrasonic atomization (Gapusol 9001, RBI atomizer, Meylan, France, operating at 2.5 MHz). In the second zone, H 2 is introduced with the flow of 1.0 L min -1 for the Pt reduction to take part. This results in an N 2 flow with 1.0 L·min −1 in the first zone, and a mixture of N 2 and H 2 flow with 2.0 L·min −1 in the second zone. The tube furnaces were pre-heated to the targeted temperature. Synthesized particles were collected in collector bottles filled with ethanol.
Preparation of Pt/TiO 2 Coating on Glassy Carbon from Synthesized Powders
Powders collected in the bottles filled with ethanol where centrifuged at 10,000 rpm for 3 min and separated from the ethanol. Obtained precipitates were dried at 90 • C for 24 h in air. In order to check if there were any residues in powders, from either the ethanol or precursors, which could have an impact on the electrochemical response, a part of the obtained powders was washed with water and thermally treated in N 2 for 3 h. All of synthesized powders were suspended in water and ultrasonically homogenized during 1 h (40 kHz, 70 W), in order to obtain suspensions of 3 mg·cm −3 . Suspensions were deposited onto a glassy carbon (GC) disc in the form of a 0.31 mg·cm −2 thin layer. The applied suspension was left to dry at room temperature. The deposited layer was stable and showed good adhesion to GC, hence there was no need to use any binder. The prepared electrode served as a working electrode.
Material Characterization
Composition, Morphology, and Structural Characterization
The morphology and elemental composition of the synthesized powders were analyzed by scanning transmission electron microscopy, STEM Tecnai F20 (FEI Company, Eindhoven, The Netherlands) and a system (EDAX Inc., Mahwah, NJ, USA) equipped with energy dispersive spectroscopy (EDX) operated at 200 kV for the analysis of characteristic X-ray emissions. Particle size was analyzed from the recorded STEM images by Image J 1.40 software, (University of Wisconsin, Madison, WI, USA), and the average values with standard deviations are reported.
Electrochemical Characterization
The cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were performed in 100 mL of 1 mol·dm −3 H 2 SO 4 (pH close to zero), at room temperature, in a three-compartment electrode cell that consisted of a platinum plate as a counter electrode, saturated calomel electrode (SCE) or Ag/AgCl as a reference electrode (all potentials in this paper are given in SCE scale) and working electrode. The electrolyte was saturated with oxygen gas for LSV measurements. Cyclic voltammograms and polarization curves were obtained at scan rates of 50 and 1 mV·s −1 , respectively. All measurements were performed at ambient temperature using Bio-Logic SAS, potentiostat/galvanostat, model SP-200, (BioLogic Science Instruments, Seyssinet-Pariset, France).
Results and Discussion
STEM and EDX Characterization of Pt/TiO 2 Samples
USP Pt/TiO 2 Samples Synthesized In-Situ
A typical STEM annular dark field (ADF) image of the Pt/TiO 2 composite particles from the in-situ synthesis with nominal 20 mass % Pt loading, synthesized at 800 • C, is shown in Figure 2a . The STEM image proves the regular spherical nature of the generated nanoparticles, which range between about 100 and 500 nm in size. The average particle diameter in this sample is 260 ± 80 nm. The typical geometrical motif in this sample is one larger particle, associated with a few smaller particles. Moreover, some of the larger particles are characterized by a circular darker zone in the particle center. Since the contrast in STEM ADF images at a particular position is governed by the atomic number and the sample thickness, the interpretation is straightforward and thus suggests the presence of hollow cores.
The assumption of hollow cores is also supported by local EDX measurements performed at the bright and dark areas ( Table 1 ). The hollow particles have sizes of about 330 ± 90 nm and are thus larger than the average particles. Nevertheless, the results from the semiquantitative EDX in Table 1 show that the detected Pt loadings are lower than the expected nominal values (the detection uncertainty for Pt is about ± 3%). For 20% nominal Pt loading, it was 17.1 mass % (14.5% decrease), while for the 5% nominal Pt loading it was much smaller, i.e., 2.4 mass % (52% decrease). This indicates that the in-situ USP procedure requires additional optimization of the synthesis parameters, since mass and stoichiometric controls appear not to be ensured. Consequently, different types of Pt losses during the synthesis procedure can take place, causing lower Pt loading in synthesized materials. In addition, the EDX data reveal that the outer surface of the sphere contains slightly more Pt than at the inner surface of hollow sphere. These findings allow us to propose the following mechanism for the USP generation of a Pt/TiO 2 composite, as schematically presented in Figure 3 . Fine droplets of aerosol are initially formed from the precursor solution in the nebulizer, which are subsequently transferred to the high-temperature zones of the USP furnace. If the droplets pass through a gel phase upon sudden heating, the solid shell around the gelled sphere could be formed during continued heating. It should be noted that it was observed that the precursor solution turns into sol after several weeks, which indicates the possibility of a sol-gel transition. Owing to thermal tensions during the solidification of a gel, it appears that the shell shrinks more rapidly than the gel is being solidified, which causes the shell to crack. The remaining highly tense gel phase flings off the shell, leaving a circular hole in the spherical wall, i.e., a new gelled sphere is delivered by its parent, which turned into a solid hollow sphere. If the shrinkage in a newly-born gelled sphere would prevail in the solidification of the interior, the delivering mechanism could be repeated. The second-generation hollow spheres with holes of smaller diameter will then be formed, as seen in Figure 2a right beside the largest hollow sphere (first generation). The gelled sphere, being small enough, will turn solid throughout the volume without a breaking of the shell, which produces the solid spheres. These spheres are seen in Figure 2a with no holes on their surfaces, and they have sizes below the average (131 ± 42 nm). This mechanism can be visualized as the "opening of the Russian nesting doll", which produces the particulate composition of the novel USP-synthesized Pt/TiO 2 composite, colloquially defined as "Russian nesting doll"-like Pt/TiO 2 spherical particles.
The separation of the initial gelled sphere into the parental hollow sphere and the newly-born smaller gelled sphere keeps the former with the Pt content distributed throughout the shell (Table 1) . TiO 2 tends to solidify faster than the Pt, thus causing every subsequent generation of the gelled, and afterwards solidified, sphere to be of lower Pt content with respect to its parental one. While the Pt content at the external shell side indicatively decreases, the relative decrease of Pt content for parental-newborn sphere pair (Table 1 ) also decreases. Here we consider the nominal loading as "parental" to that at the outer side of the first generation of the spheres (bright zone), while the latter plays the parent role for the loadings at the outer side of the second generation (the dark zone, Table 1 ). It follows that every next generation of the spheres in the mechanism of "the opening of the Russian nesting dolls" should get richer in Pt in the core of the gelled phase. Hence, the rest of Pt will be "trapped" within the core of the last generation of completely solidified sphere. Table 1 . Pt loadings (mass %) in the particle walls found by semiquantitative EDX analysis for the in-situ synthesized Pt/TiO 2 particles and the relative decrease with respect to nominal (20 mass % Pt) or Pt loading at the outer side of parental sphere. The composition at the inner side is considered as that of the outer side of a newly-born sphere. Figure 2b illustrates the granular appearance of the Pt (20 mass %)/TiO 2 sphere, with the surface populated by particles within the 3.4-7.8 nm size range, of an average diameter (±SD) of 5.2 ± 0.9 nm. However, the structure of the surface of the sphere walls depends on Pt content. The STEM appearances of an area of the two spheres of similar size, synthesized with nominal Pt loadings of 5 and 20 mass %, are compared in Figure 2c . The surface of the sphere with lower Pt loading (on the left in Figure 2c ) appears smoother and more compact than the sphere with the higher Pt loading (on the right in Figure 2c ). Higher Pt loading causes the sphere surface to show black spots-like particles that are 5.2 ± 0.9 nm in size. In order to identify the composition of the morphological elements at the sphere surface, EDX analysis has been performed, and the data related to area and point markers in Figure 2 are given in Tables 2 and 3 . Table 2 . Pt loadings (mass%) on the outer side of particle walls found by EDX analysis for the in-situ synthesized Pt/TiO 2 particles with nominal Pt loadings of 5 and 20 mass %. EDX sampling was performed according to the markers given in Figure 2b ,c.
EDX Sampling
Nominal Pt Loading, 20 mass% Sphere Diameter, nm The surface composition of the smaller spheres was found to be higher (area 1 in Figure 2b ) with respect to the biggest hollow sphere of the first generation (Figure 2a and Table 1 ). The sphere from Figure 2b is 194 nm in size, which is well below the average size-the criterion adopted for full solidification of the descendant gelled spheres in the mechanism of USP particle generation. Differently-shaded elements on the sphere surface were found to differ considerably in composition. The dark spots on a relatively uniform gray background (Figure 2c , sphere on the right) have considerably higher Pt content with respect to gray zones rich in TiO 2 ( Table 3 , area right and left). Considerably different contents indicate that black spots could be Pt laying on the continuous spherical TiO 2 matrix generated by the sol-gel transition of the oxide solid phase. Table 2 shows that 194-nm-sized sphere has 22.3 mass % Pt on the scanned area size of 1900 nm 2 , while on a sphere of 198 nm size, 15.2 mass % Pt was found on scanned area of 420 nm 2 . Since 5-nm-sized Pt particles lay on the TiO 2 matrix, relative occupation of the scanned surface by Pt particles should increase with scanned surface area, which makes the EDX data on Pt content higher for a larger scanned area.
It follows from the preceding considerations about the mechanism of the in-situ USP generation of the Pt/TiO 2 composite that, although being USP-intrinsic and intriguing, its structure and composition are not very promising for electrocatalytic applications. Despite that the average Pt loading in the synthesized spheres is fairly close to the nominal values (Tables 1-3) , there is some deficiency of Pt at the surface of most of the bigger spheres. Moreover, residual Pt is likely distributed within smaller spheres, which prevents its addition to the catalytic activity of the composite. The reactants in aqueous medium easily approach the interior of the hollow sphere if the internal surface of the sphere wall contributes to the reaction. However, this should not be the case for hollow Pt/TiO 2 spheres. Figure 4 shows STEM ADF images of Pt (20 mass %)/TiO 2 synthesized by USP at 500 and 800 • C from previously hydrothermally-prepared colloidal TiO 2 and chloroplatinic acid. The spheres appear smaller than those from the in-situ procedure, with average diameters (independent of USP temperature) of 137 ± 56 nm and 131 ± 42 nm at 500 and 800 • C, respectively. Although it is not obvious from Figure 4 , the size distribution of the ex-situ spheres is more uniform (SD around 50 nm) with respect to in-situ spheres (SD around 80 nm). Statistical counting returned data showing extremely uniform size distribution of the particles: the surface of the 500 • C spheres are populated by particles with the sizes in the 1.1-1.3 nm range. Larger particles of the sizes in a wider range of 1.9-2.7 nm are formed at 800 • C. Besides the much smaller particles that are formed by the ex-situ approach, another crucial difference to the in-situ procedure is the looser and thus less compact structure of the spheres. This is expressed by their less well-defined outer contours.
USP Pt/TiO 2 Samples Synthesized Ex-Situ from Colloidal TiO 2
Although the structure of the core of the spheres is not clear in Figure 4 , in both point and line types of data collection, marked with red color in the inset of Figure 4a , EDX analysis showed the presence of Ti. Figure 5 shows the EDX spectra recorded at point 1 in both insets in Figure 4a ,b. The corresponding Pt loadings are presented in Table 4 . Figure 4 . Figure 4a , it is closer to the edge of sphere), the suppressing might indicate that reflections related to TiO 2 come from internal parts of the sphere. On the other hand, the similarity of the Pt peak intensities suggests that Pt is placed on the sphere surface in almost pure form, and it is formed of nm-sized spherical particles, as seen in Figure 4 . These considerations appear to be reasonable, since the Pt loadings in the 500 • C and the 800 • C samples are similar, with that in the former being slightly larger. Another indication about ordered positions of the two components is found in the in-line EDX analysis, as shown in the inset in Figure 4a . The average Pt loading down the line across the sphere is considerably lower than in-point loading. Since TiO 2 is located in the core, the surface EDX analysis should register the increase in Pt loading at the line ends (sphere edges) with respect to central sphere zones. The size and shape of hydrothermally-prepared TiO 2 particles in colloidal dispersion were found to be quite similar [36] to the spheres from Figure 4 . For all samples synthesized ex-situ, the EDX analysis found considerable excess of Pt with respect to the nominal loading. Hence, the hierarchical ordering of the Pt nm-sized particles which coat the TiO 2 spherical core is reached. Also, the size of particles obtained by both methods, in-situ and ex-situ synthesis, was below 10 nm, which is the optimal size for the improved electrocatalytical activity of Pt as reported in literature [31, 32] . 
Electrochemical Measurements
Characteristic steady-state cyclic voltammograms of synthesized Pt/TiO 2 , compared with those obtained for commercial Pt black (Johnson Matthey), are shown in Figure 6 . The samples synthesized in-situ with nominal Pt loading of 5 mass % were not considered, since the loading is too low for measuring electrochemical characteristics. All registered CVs of USP synthesized Pt/TiO 2 are almost featureless in the potential region above 0 V, without clearly developed Pt oxide formation and reduction, as in the case of Pt black.
With the exception of the sample synthesized ex-situ at 650 • C (Figure 6b ), values of CV currents of all the other Pt/TiO 2 samples are below 5 µA. Additionally, hydrogen reduction/oxidation peaks of considerable currents [52] at around -0.2 V are clearly registered only for the 650 • C sample with 20 mass % Pt. None of the samples show hydrogen adsorption/desorption region typical for Pt, as seen for Pt black (Figure 6b ). Compared to the literature data on a 40 mass % Pt/TiO 2 electrocatalyst [53] , the value of hydrogen reduction/oxidation currents obtained for this 650 • C is not significantly larger, i.e., 7 A·g −1 in comparison with 1.25 A·g −1 , although the Pt loading is twice larger.
The electrochemical properties of the ex-situ synthesized Pt/TiO 2 show considerable dependence on USP temperature. It appears that the suitable hierarchical structure is achieved at 650 • C, with electrochemically advantageous Pt size and distribution over the TiO 2 core, along the trend discussed in relation to the STEM images from Figure 4 .
Although a full CV fingerprint of Pt was not registered for the synthesized Pt/TiO 2 composites, the samples show electrochemical activity for an oxygen reduction reaction and combined oxygen reduction and hydrogen evolution reactions. Initial quasi-steady-state polarization curves for competing oxygen reduction (OR)/hydrogen evolution (HE) at low and moderate currents are shown in Figure 7 . As already observed in CV responses (Figure 6) , where the highest currents in HE region were registered for the 650 • C sample, this sample shows best polarization characteristics, as seen in Figure 7 . In general, the ex-situ synthesized samples have considerably higher OR/HE activity compared to the activity of samples synthesized in-situ. The differences in activity are to be assigned to different component distributions and surface compositions of the spheres as constituents of in-situ and ex-situ synthesized Pt/TiO 2 . Pt loading at the surface of ex-situ synthesized spheres is higher and exceeds nominal loading, since small Pt particles decorate uniformly and cover regularly the surface of TiO 2 spherical core. Pt particles are smaller than those prepared in-situ. This hierarchy is beneficial for full availability of high-surface-area Pt for the OR/HE process. The in-situ prepared Pt/TiO 2 has lower surface Pt loading, with most of the active components constituting the walls of huge hollow spheres or the inactive cores of smaller spheres. These morphological elements have randomly mixed components and larger Pt particles which are hardly accessible as reaction sites (those facing the interior of the hollow spheres or being buried inside the solid spheres). Hence, the differences seen in Figure 6a In the low overpotential region, 0.6-0.0 V, all Pt/TiO 2 composites show poor activity, exhibiting high values of the slopes. At 0 V, these values shifted to around 120 mV·dec −1 , characteristic for the ORR, but also for HER at high overpotential [54] [55] [56] . If compared to Pt polarization, the ORR on Pt/TiO 2 has high initial overpotential, and hence, has considerably shifted cathodically. The curves take the slope close to −120 mV/dec around 0.0 V vs. SCE, while the curve for Pt black reaches the ORR limiting current already at ca. 0.4 V. Since the potential of 0.0 V is positive to the thermodynamic onset of HER (−0.243 V vs. SCE), it follows that Pt/TiO 2 shows measurable ORR activity at the potentials as negative at 0.0 V. At the potentials negative to −0.2 V, the thermodynamic condition for the onset of HER is fulfilled and polarization curves for Pt/TiO 2 represent joint ORR/HER activity. No changes in the slope upon the HER onset are detected, which indicates that both ORR and HER could proceed on Pt/TiO 2 with high surface coverage and surface recombination/desorption as the rate-determining steps. Since Pt oxide formation/reduction is suppressed on Pt/TiO 2 (Figure 6b ), the polarization data indicate that Pt states in mixture with or on a TiO 2 surface have poor activity towards the adsorption of oxygen-containing species and moieties, due to Pt interaction with TiO 2 [48] . However, the interaction appears to stabilize the adsorbed hydrogen, causing the high surface coverage. As indicated in Figure 7 , and seen also in Figure 8 , ex-situ synthesized Pt/TiO 2 samples are considerably more active for ORR/HER than in-situ synthesized samples.
Conclusions
Spherical Pt/TiO 2 composite materials of novel structure and characteristic component distribution were synthesized at different temperatures using ultrasonic spray pyrolysis (USP). In the ex-situ synthesis, TiO 2 colloid and chloroplatinic acid were used as precursors, while the in-situ approach was based on tetra-n-butyl orthotitanate and chloroplatinic acid in an hydrochloric acid solution as precursors. While in-situ USP synthesis generates the mixture of huge hollow spheres and 100-nm-sized solid spheres with deficient Pt loading due to intrinsic aerosol-gel/solid phase transition, the regular TiO 2 spherical cores, with the surface uniformly covered by the shell of nm-sized Pt particles, are synthesized via the ex-situ approach. Accordingly, the ex-situ synthesized samples are more active for electrochemical oxygen reduction and combined oxygen reduction and hydrogen evolution reactions than the in-situ samples. The prepared samples were electrochemically checked using cyclic (CV) and linear sweep voltammetry (LSV) and collected responses were compared to those obtained for Pt black. The benefit of the USP prepared samples compared to Pt black is considerably increased CV cathodic currents in the hydrogen reduction region. The highest CV currents were registered for the ex-situ sample synthesized at 650 • C as a moderate USP temperature, with nominal 20 mass % Pt. This sample also showed the highest activity for oxygen reduction/combined oxygen reduction and hydrogen evolution reactions. Higher affinity of Pt in Pt/TiO 2 toward hydrogen than for the adsorption of oxygen-containing species is clear. 
